The pulmonary drug delivery system offers several merits over other drug delivery systems and therefore, this delivery route has been in prime focus for various applications like local and systemic therapeutics delivery. The overall development of drug delivery system depends on its efficacy, quality and safety and to achieve such attributes there is a need of reliable evaluation methods to test them. This review provides an in-depth analysis of the development in the evaluation of pulmonary drug delivery systems. In vitro methods of testing pulmonary products such as particle morphological studies, powder flow characteristics, moisture content test, aerosol turboelectric characterization, particles interparticulate forces measurement and solid state characterizations were discussed. Particle size and zeta potential measurement and evaluation of aerosol performance such as dose uniformity and aerodynamic particle size distribution were reviewed in detail. The development of dissolution methods for pulmonary products is also elaborated. Various cell culture methods for testing pulmonary products were overviewed. The in vivo testing methods including drug administration systems, drug deposition studies and pharmacokinetic studies and ex vivo testing models were also highlighted. Together an overview of current advancement in evaluation and characterization of pulmonary drug delivery system can be analyzed and studied through this review.
Pulmonary drug delivery system has been used for the treatment of local and systemic diseases. The local respiratory diseases like chronic obstructive pulmonary disease (COPD) and asthma were the prime focus in the early studies, however the research has been advanced in the treatment of respiratory infectious diseases and also in the transport of therapeutic molecules to the systemic circulation [1] . The merits of pulmonary route such as huge surface area of the lungs, thin barrier of alveolocapillary membrane and high permeability of the lungs paved the way for more research in the treatment of various local and systemic diseases [2] [3] [4] . The conventional inhalation products have high dosing frequency and large dose often leads to local and systemic toxicity. Therefore, novel controlled release carrier systems may provide a possible solution to these problems by reducing dosing frequency and increasing drug bioavailability [5] . The decrease in dosing frequency and side effects can lead to improved patient compliance and therefore, it can resolve the problem of nonadherence to prescribed therapy which acts as one of the major obstacle in the control of various respiratory and non-respiratory diseases [6] .
These novel carrier systems for pulmonary administration have to be evaluated for the in vitro and in vivo characteristics. The effective pulmonary administration of a drug depends on its deposition in the deep part of the lungs. The deposition of the carrier system is followed by drug release from the system and thereby transportation from the site of deposition to the site of action through the alveolocapillary membrane barrier [7] . The local effects depend on the duration of the drugs in the lungs while the systemic effects depend on the transportation of the drugs to the systemic circulation. The deposition of the drug in the airways depend on the various factors like particle morphology, size, size distribution, moisture content, aerosol turboelectric charge and interparticulate forces [8] . The evaluation of aerosol characteristics such as aerodynamic particle size distribution and dose uniformity gives an idea of drug deposition in the lungs. The particle dissolution studies provide in vitro data of the drug release from the system in the medium mimicking in vivo condition. After the release of drug from the system, it has to be transported into the site of action. The transportation of drug includes the passage through the alveolocapillary membrane. The cell culture study gives an understanding of this transportation of drugs in the presence of the various mammalian alveolar epithelium cells. Various in vivo tests are developed to study drug administration system, drug deposition mechanism and pharmacokinetic action. Some ex vivo testing models has also been developed to study the mechanism of drug transport across lung tissues. Thus, a systemic approach in the evaluation of pulmonary drug delivery system can lead to the successful drug delivery system.
DEVELOPMENT IN THE EVALUATION OF PULMONARY DRUG DELIVERY SYSTEM
In recent years, there has been a considerable advancement in the field of evaluation and characterization of pulmonary drug delivery system. These methods can be classified as in vitro, in vivo and ex vivo methods. Various in vitro methods like physicochemical characterization of particles, evaluation of aerosol performance, particle dissolution studies and cell cultures study have been evolved. Drug administration system, drug deposition and pharmacokinetic studies are the in vivo methods which are currently in research studies. Ex vivo methods are also developed to check the efficacy and safety parameters of drugs and their delivery mechanisms. Various evaluation methods for pulmonary drug delivery systems are given in fig. 1 .
Morphological studies:
The morphological studies of nanoparticles can be done with transmission electron microscopy (TEM), which uses different techniques for analysis of particles like cryogenic transmission methods, negative staining method and freeze-fracture method. The particles shape, structure and arrangement can be identified by interpretation of the morphological data of TEM analysis. Similarly, particle size can also be estimated [9] . Scanning electron microscopy (SEM) is used to evaluate the particle size and surface morphology of the particles. It uses high magnification for visualizing the surface morphology of the particles. The distinctive surface characteristic can be studied using the varied resolutions [10] . Measurement of interparticulate forces and surface energy and imaging surface nanotopography of particles can be done using atomic force microscopy (AFM) [11] . The surface roughness of the particles is evaluated by this method and the scanned image is quantified by image analysis software. The degree of surface corrugation can also be expressed by surface fractal dimension determined by a light scattering method [12] [13] [14] . A real-time aerodynamic measurement of particles ranging from 0.5 to 20 microns with high resolution was done using the Aerodynamic Particle Sizer® 3321. The light-scattering intensity in the equivalent optical size range of 0.37 to 20 microns can be measured using these particle sizers. The paired data for each particle have been provided by these particle sizers and it helps the researcher in studying the aerosol makeup.
Powder flow characteristics:
Powder flow characteristics of inhalable powders are done to evaluate the flow characteristics and its relationship with the aerodynamic properties. The angle of repose, bulk density, tapped density, apparent density and porosity are some of the powder flow characteristics need to be measured for quality control. The angle that the side of the conical heap of powders makes with the horizontal plane is termed as angle of repose [15] . Apparent density and porosity values of inhalable powders were determined by mercury porosimeter (Micromeritics AutoPore IV 9500; Micromeritics Instrument Corporation, Norcross, USA) [16] . A tap density tester (Stampfvolumeter, STAV 2003) are used to measure tap density. Carr's compressibility index and Hausner ratio were determined by the values of bulk and tapped density [17] .
The powders are tested for their moisture content by using a dynamic vapour sorption instrument (Surface Management Systems, UK) [18] .
Aerosol turboelectric characterization:
It has been seen that electrostatic charge develops during the handling of powders and aerosolization tends to control the deposition of drug particles in the respiratory tract thereby affecting the aerosolization characteristics of inhaled drug products. Static charge in aerosol has shown an improved delivery into the deep part of the lungs and can be used to target particles in the required area in the respiratory system. Direct measurement and indirect measurement are the two methods used to measure aerosol electrostatic properties. Devices like Electrical Low Pressure Impactor (ELPI™) [19] [20] , electrical Next Generation Impactor (eNGI) [21] [22] and Twin-Stage Impinger (TSI) uses the direct measurement while E-SPART uses the indirect measurement method. Out of which E-SPART uses laser Doppler velocimeter theory to measure pressurized metered dose inhaler (pMDI) and Dry Powder Inhaler (DPI), while ELPI and eNGI uses Faraday cage theory to determine the static charge of aerosol in pMDI and DPI, respectively. ELPI device has some limitations with DPI particles measurement due to the absence of pre-separator and possesses low flow rate of 30 l/min. This limitation has been overcome by using Andersen Cascade Impactor (ACI) with preseparator attachment with modified TSI. Modified TSI can be used to measure static charge on particles in DPI [19, 23] .
Particles interparticulate forces measurement:
In DPI powder formulation, the adhesive forces between the carrier and drug particles are crucial as the dose deposition in the lungs depends on the separation of the particles from the carrier. Fewer studies have been carried out in the field of interparticulate interactions with that of aerozolisation behavior of the particles. Inverse gas chromatography, centrifugation and particle detachment rate measurement are some of the methods to determine adhesive forces in the system. These methods have been estimating in indirect way and are limited to the determination of a bulk characteristic of powders. However, a direct measurement of these adhesive forces and balance between adhesive and cohesive forces between particles and that of a substrate can be measured with the AFM colloid probe technique [24] . The cohesive/adhesive balance (CAB) measurement is a technique which uses the AFM colloid probe in studying uniformity of the blend, drug particle segregation, and characteristics of powder dispersion in DPI systems.
Solid state characterizations:
Differential scanning calorimetry (DSC) is a routine thermal analytical method used for the analysis of polymorphic changes in a drug-carrier matrix. Drug encapsulation within the matrix can be evaluated with this technique. Stability of the formulation can be determined by structural changes in the drug-carrier matrix. Parameters such as melting and recrystallization can be used to determine polymorphic changes in the matrix. A comprehensive thermal analytical study on one of the matrix system have been described by Bunjes et al [25] [26] [27] . Thermogravimetric analysis (TGA) was also performed using a Q50 TGA from TA Instruments. Data analysis was completed using Universal Analysis 2000 (Version 4. 3A) software that was provided by TA instruments [15] . X-ray powder diffraction (XRPD) is a widely used tool for evaluation of the crystalline state of the drug and excipients in the formulation. This method can ensure the drug encapsulation in the carrier system [28] . Fourier Transformed infrared spectroscopy, Nuclear magnetic resonance and Raman spectroscopy are the other advanced technique for the physicochemical characterization of nano and microparticulate system [28] . Qualitative surface analysis is done by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). It uses image spectral data (surface chemical mapping based on mass fragment analysis) of the sample powder to provide RayleighGans-Debye (RGD) scattering theory that explains the structure of each single particle in an aggregate [14] .
Particle size and zeta potential measurement:
Particle size and zeta potential are crucial factors which decide the efficacy and stability of the delivery system as the particle size tends to control the drug deposition in the lung, thereby penetration into the systemic delivery whereas zeta potential helps in the stability management of the system. Particles of size <5 µm have the greatest possibility of deposition in the lung [29] and particle with size <2 µm can reach up to the alveoli [30] [31] . Deposition of large particles with an aerodynamic diameter of >5 μm is held in upper airways by inertial impaction. Gravitational settling of particles with aerodynamic diameter 1 to 5 μm takes place in the central and distal tract. Particles with <1 μm are largely exhaled out as they remain suspended in the air during respiration. Ultrafine particles of <100 nm size can largely deposit in the respiratory tract by random Brownian motion and these particles can reach the alveolar region while particles <10 nm get deposited in the tracheo-bronchial region due to their high diffusion coefficients [32] . One micrometer and 10 μm diameter particles can be taken up by macrophages present in the respiratory system [33] [34] . Particles having size between 3 μm and 6 μm are optimum to be taken up by the alveolar macrophages [35] while particles with 0.3 μm to 1.1 μm diameter are taken up by peritoneal macrophages and peripheral blood mononuclear cells [36] [37] [38] . Large porous particles of 10-20 μm diameter avoids the macrophages engulfment due to their large size and gets deposited into the deep regions of the lungs [39] [40] . However, there have been reports of macrophages surrounding the large inhaled particles thereby showing attachment and surface digestion of these particles [39] . Particles in nanometer range can also be taken up by the macrophages [41] . The uptake of these nanoparticles mainly takes place by pinocytosis and it is dependent on the concentration of particle in extracellular region and period of contact between macrophages and the particles. Therefore, estimation of particle size can give an idea of the drug deposition and penetration within the body. Besides particle size, a polydispersibility index is significant in determining the uniformity of the particles in the formulation. The value higher than 0.2 shows the multiple sizes of particles in the formulation while smaller polydispersibility index value shows more uniform size particles in the given formulation system. Zeta potential measurements are useful for estimating the particles stability in the formulation. The higher value dictates better stability due to repulsion between particles and less aggregation helping in a uniform distribution of particles in the system thereby establishing better shelf life of the formulation.
Photon correlation spectroscopy (PCS) and laser diffraction (LD) are the most common principles used for measuring particle size and polydispersibility index. PCS can measure particles from a few nanometers to 3 μm while LD measures particles from the nanometer to a few millimeter size range. A nano tracking analysis (NTA) is a novel method for the measurement of size and zeta potential of nanoparticles for inhaled drug delivery [42] . NTA method consists of a direct visualization and analysis of the particle by particle movement in the nanosuspension. Particle in the range of 10-2000 nm can be measured by this technique. Nanoparticles diffuse laser light during the Brownian motions and this phenomenon is tracked by a charge-coupled device (CCD) camera attached to the microscope which operates at 30 frames per second, capturing a video of the moving particles under Brownian motion. The particles are tracked individually and hydrodynamic diameters of the particles have been calculated by the Stokes-Einstein equation using the software [43] [44] .
Delivered dose uniformity test:
Dosage Unit Sampling Apparatus (DUSA) for desired testing device are used to perform Delivered Dose Uniformity test [45] . "Delivered dose uniformity" and "Delivered dose uniformity over the entire contents" are the content uniformity test specified by the Pharmacopoeias. The total quantity of drug emitted from the device, thereby accessible to the user is termed as the delivered dose. The delivered dose is retained by the filter in the sampling apparatus after the firing of the test device. The active drug from the retained dose is dissolved in a suitable solvent and the sample aliquot is analyzed with the chromatographic analytical method. Simulation of inhalation is brought about by drawing air through the sampling apparatus and air drawing manner depends on the device under test condition. Delivered dose uniformity is a critical quality attribute (CQA) in determining the safety, quality and efficacy of inhaled drug products. DUSA for metered dose inhalers (MDIs) has been designed by Charles Thiel in 3M's laboratories in Minneapolis, USA specifically for the sampling and testing of MDIs. DUSA for dry powder inhalers (DPIs) is a bigger version of MDIs sampling apparatus, which is available for use with flow rates up to 100 l/min for sampling. DUSA for Nebulizers consists of a filter holder, suitable mouthpiece adapter and a breath simulator to simulate the inhalation pattern during the test.
Aerodynamic
particle size distribution measurement:
Beside delivered dose, CQA also acknowledges the aerodynamic particle size distribution (APSD) as an in vitro characterization parameter for inhaled drug products. Both the regulators and Pharmacopoeias consider the cascade impactor as the instrument of choice for measuring the aerodynamic size distribution of inhaled drug products. Cascade impactor defines the aerodynamic characteristics of aerosol particles by separating the dose with respect to its sizes in impactor plates of the equipment. Fine particle fraction and mass median aerodynamic diameter are aerosol parameters determined by Cascade impactors [46] . The analytical data helps in determining the pharmaceutical products quality and it is also used for product development. A result from impactors predicts human lung deposition data as aerosol deposition in the human respiratory tract depend on particle aerodynamic size. However, in cascade impactors dimensions are at room temperature and humidity is low which differs from human airway's ambient environment. MSP Corporation, USA had developed Nano-MOUDI™ device, a nano/ micro orifice with uniform deposition impactor and some added features over conventional impactors [47] . Aerodynamic size distribution by time-of-flight analysis determines the aerodynamic diameter and distributions of particle size of the nanoparticulate dry powders using an Aerosizer LD [15] . The Aerosizer is a dual purpose, time-of-flight instrument that can rapidly size powders as well as aerosol particles.
Current pharmacopoeial specifications recommend various marketed impactors like next generation impactor (NGI) and ACI which are used globally for the testing of MDIs, DPIs and liquid droplet Inhalers. Various impactors and their pharmacopoeial specifications are given in Table 1 . For the testing of nebulizer systems, special modified versions are available as per the Pharmacopoeial requirements. These impactors are usually used with the European Pharmacopoeia (Ph. Eur.)/ United States Pharmacopeia (USP) induction port and a pre-separator. In 2002, EPAG (European Pharmaceutical Aerosol Group) put forth some study on a calibration of the NGI to 15 l/ min for use in the nebulizer's testing. NGI cooler is believed to solve the problem associated with the heat related droplet size reduction and production of artificially low particle size measurements. In 2004, Food and Drug Administration (FDA) put Guidance on Process Analytical Technology which imparts quality by design (QbD) application to pharmaceutical testing and analysis. This approach put forth the concept of abbreviated impactor measurement (AIM) in APSD determination. Several marketed versions of Abbreviated impactors are available with reduced stage models of the ACI and NGI.
In 2006, a new regulatory guidance on the nebulizers "Guideline on the Pharmaceutical Quality of Inhalation and Nasal Products" was issued by European Medicines Agency (EMA). These guidelines ensure that the nebulizer's safety and efficacy are not independent but depends on a combination of nebulizer and drug. After EMA guidelines, the European and US pharmacopoeias added a new Chapter (Ph. Eur. 2.9.44 and USP Chapter <1601>) on "Preparations for Nebulisation: Characterisation". The new Pharmacopoeial chapters became the base for the introduction of the new ISO 27427 requirements for the "safety, performance and testing for general purpose nebulising systems intended for continuous or breath-actuated delivery of liquids in an aerosol form, to humans through the respiratory system" specified in Annex C. Over the last 10-15 years the regulatory framework and pharmacopoeia monographs for nebulizers have changed considerably with the need. Recently updated monographs includes nebulizer and a new draft of USP monographs for the testing of pressurized metered dose inhalers (pMDIs) with spacers and valve holding chambers. These reviews update the capabilities of breathing simulators and their application in a nebulizer, dry powder inhaler and pMDI testing. For speeding the research and development in the pulmonary drug delivery system an AIM is used for fast screening of novel formulations in product development stage. Fast throughputs, ease of handling and easier automation are the main merits of the abbreviated impactors. These impactors give detailed in vitro and in vivo performance and help in reduced dependence on expensive and lengthy clinical trials. Alberta Idealised Throat (AIT) shows realistic human-like design being replaced with the existing Ph. Eur./USP Induction Port for improved in nitro in vivo correlation. The use of Breath simulators in place of conditions like constant flow rate in testing can simulate more in vivo condition. The Mixing Inlet also helps mimic in vivo testing condition. Fast screening Andersen (FSA) is an AIM model of the standard ACI modified for quality control (FSA-QC) or product development (FSA-HRT). The reduced next generation impactor (rNGI) is an abbreviated method for utilizing the NGI for both AIM-QC and AIM-HRT applications. Fast screening impactor (FSI) is a purpose made approach to AIM that help in separation of the dose into fine particle mass and coarse particle mass i.e. NGI Preseparator technology, making it suitable for AIM-HRT application (i.e. FSI-HRT) for MDIs, DPIs and nasal sprays. Accessories required along with the DUSA and cascade impactor for measuring the delivered dose uniformity and aerodynamic particle size distribution of inhaled drug products are shown in Table 2 .
PARTICLE IN VITRO DISSOLUTION STUDIES
Dissolution testing of the inhaled drug products varies from the other drug delivery systems as it depends on the emitted dose and the deposition in the respiratory tract as oppose to the drug release or dissolution of the whole system like solid dosage forms. Till now the inhaled drug product lacks any prescribed and established dissolution testing method because of their different nature of drug administration and deposition to the system. However many studies using conventional dissolution method have been used in dissolution testing of inhaled dosage forms, but these studies are crucial to existing approved products. Using such system for testing novel controlled release system required more emphasis [48] . Simulating the in vivo condition of lungs has been difficult as due to low fluid content and also the presence of biological surfactants. Other difficulty arising in the dissolution testing of inhaled drug products is the quantification of the deposited drug from the site of the impactors and impingers. Thus for overcoming these difficulties in dissolution testing using conventional dissolution apparatus [49] various testing methods have been employed such as a horizontal diffusion cell [50] , a dissolution cell [51] [52] , and a TSI [53] . However, no single in vitro test system has yet emerged as the ideal choice for performing dissolution measurements for inhalation formulations. Some novel methods have been developed using USP flow-through cell system for determining dissolution behavior of inhaled drug products [54] . Further Davis et al. had tested the deposited aerosol particles on a filter membrane in an abbreviated Andersen cascade impactor. These membranes were placed in a two different dissolution systems like a Franz diffusion cell and a flow through cell apparatus [55] . The whole emitted dose have been taken into the study and not just those fine fraction of particles, also the dissolution medium lacks lung surfactant which can stimulate in vivo condition. To overcome these issues, Son and McConville at the University of Texas have developed a testing method Establishing the required pressure drop, flow rate.
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Uses an air driven vacuum system to provide and control the flow for testing of MDIs. with the use of NGI collection cups, which captures the fine fractions of emitted dose following aerodynamic separation, the separated fractions on their respective membranes were covered with another presoaked membrane. A sealed disc is formed by clamping these two membranes with membrane holder and can be placed in a vessel of a conventional dissolution apparatus like paddle over disc. The dissolution testing results of hydrocortisone from these membrane holder showing major deviation among the aerodynamically separated dose and that of bulk formulation [56] . Son et al. [57] customized a modified version of prototype membrane holder especially for the NGI which showed better dose collection.
Designing a standardized dissolution method applicable to the lung is not an easy task, because the lung has unique features that are difficult to replicate in vitro, such as the extremely small amount of aqueous fluid and lung surfactant. Marques et al. discussed various simulated lung fluids used in dissolution testing of inhaled particles. Simulation of lungs interstitial environments has been achieved by lysosomal fluid (ALF) and Gamble's solution together termed as SLF1. ALF mimics the condition inside of alveolar and interstitial macrophages while, Gamble's solution simulate the interstitial fluid condition deep inside the lungs [58] . SLF2 is a modified version of Gamble's solution and simulate extracellular lung fluids condition [59] . SLF3 a simulating the interstitial fluid [60] was used to determine insulin's in vitro release from the porous particles intended for lung delivery [61] . Son and McConville [56] used a SLF3 and SLF4 in standard test method to determine dissolution characteristics of various formulations intended for inhalation. SLF4 is a modified type of SLF3 with the addition of 0.02% [w/v] dipalmitoylphosphatidyl choline (DPPC). Itraconazole in vitro release from inhaled nanoparticles is evaluated with the use of SLF4 [62] . SLF5 is used by Cheng et al. to evaluate the dissolution of titanium tritide particles used as components of neutron generators [63] . DPPC were found to form large size liposomes and constrict the diffusion of SLF4 through the membrane thereby preventing it to reach the drug particles [56] . Therefore biological buffers like phosphate buffer and phosphate buffer saline were used to determine the novel controlled release products [50, 56, [64] [65] [66] . The standardized dissolution media has not been developed yet because the media selection for lung dissolution is quite dependent on the test apparatus, the chemical/physical properties of active pharmaceutical ingredients (APIs) as described above. Thus, careful and thorough examinations and validation in the selection of media must be made, especially if one seeks to establish valid in vitro-in vivo correlations.
CELL CULTURE STUDY
The formulations must have to be surpassed through the cell culture testing methods before the ex vivo and in vivo testing. The last two decades have seen a numerous cell models obtained from human and murine tissues of pulmonary epithelium [67] [68] . Continuous cell cultures provide ease in usage in contrast to primary cell cultures with a lack of distinguished morphology and characteristics of biochemicals of the original tissue. It arises from alveolar epithelial cells. Human lung adenocarcinoma originates a type II alveolar epithelial cell line A549. It is less interesting as a drug delivery model because A549 cells do not form stretched monolayers, but very helpful in metabolic and toxicological studies [69] . Primary cell cultures like alveolar epithelial cells are used for cell culture studies. Type II pneumocytes for primary culture can be obtained from the different lungs species. Cells from human are less available than cells from other mammals and are representatives of the clinical circumstances. Airinterface cultures aerosol particles are placed straight onto the semi-dry apical cell surface. The deposition of drug and its dissolution held in a small volume of cell lining fluid, mimics the in vivo condition. The culture show more resemblance to airways epithelial morphology [70] . Recently, Stephanie et al. developed a pharmaceutical aerosol deposition device on cell cultures known as PADDOCC to simulate in vivo conditions in which aerosol dose emitted on monolayers of epithelial cell are exposed to an air-liquid interface. PADDOCC minimizes testing of animals and helps in the establishment of early clinical trials [71] .
DRUG ADMINISTRATION SYSTEMS
In whole-body exposure system a sealed plastic chamber is attached to a dry powder aerosol generator or a nebulizer and the animals are placed inside the chamber [72] [73] . Pulmonary administration is less stressful as compared to other exposure system [74] ; but some absorption of drug through the skin, from the nasal route and from the gastrointestinal tract of the animals. In head-only or nose-only exposure systems system the animal is restrained in the exposure chamber and the aerosol is in contact with only the head or nose of the animal. One or more animals can be administered through specific design of this system. It offered several merits over other exposure system like exposure of drug to the skin and its uptake through it can be avoided. The amount of drug needed to generate the aerosol is less due to low volume of the exposure chamber. Drug reactivity with excreta is also prevented [75] . There are commercially available exposure systems in the market, however some homemade models of head-only or nose-only aerosol exposure systems are made and evaluated [76] [77] [78] [79] [80] [81] [82] . Intratracheal liquid instillation are achieved by oral gavage needles and the MicroSprayer® [83] [84] [85] . The oral gavage needle delivers dose in the form of a liquid bolus while the MicroSprayer® gives spray instillation. Dry powders can be delivered intratracheally by using a powder-insufflator or by the generation of powder aerosol. It is simple method of pulmonary drug delivery and significant changes in site of drug deposition within the lung can be achieved by small modification in the method and thereby affecting systemic absorption of drug. Control of delivery of drug dose, the absence of drug loss in the instrument, the avoidance of nasal passages and the possible targeting of different regions within the respiratory organ are some of the merits of this exposure system. The powder insufflators are used to deliver various drugs to the lungs in different respiratory and non-respiratory diseases like COPD [86] , asthma [50] , pulmonary embolism [87] , lung cancer [88] [89] [90] , tuberculosis [72, [91] [92] [93] [94] [95] [96] [97] [98] , diabetes [99] [100] [101] , osteoporosis [102] and cancer [103] [104] . The delivery of some immunosuppressant [105] and immunostimulant agents [106] were also reported. Intranasal administration is used for local nasal drug delivery but it can also be used for intrapulmonary drug administration in animals [107] [108] .
DRUG DEPOSITION STUDIES
The amount of drug deposited in the lung and its distribution are key parameters in the evaluation of the formulation and performance of devices for pharmaceutical aerosols. Deposition of the drugs can be measured by invasive and noninvasive methods in experimental animals. Noninvasive technique provides merit as it gives in vivo pharmacokinetic parameters with respect to the time course of drug administration. Dolovich [109] studied the use and principles of singlephoton emission computed tomography (SPECT), gamma scintigraphy and positron emission tomography (PET) as imaging methods in animal studies. These imaging methods are successfully employed in pulmonary drug delivery and inhalation toxicology. Invasive techniques such as broncho alveolar lavage (BAL) method can be employed for insoluble, inert particles when the non-invasive methods are inadequate to measure the drug deposition.
PHARMACOKINETIC STUDIES
Compartmental or non-compartmental methods are used to calculate pharmacokinetic parameters after inhalation of the drug. A mathematical model describing the disposition of a given drug can be obtained by incorporating the physiologically based pharmacokinetics (PBPK) [110] . PBPK consists of different compartments with each representing a particular organ. Byron [111] and Gonda [112] developed a mathematical and compartmental model to address lung residence time of soluble aerosols.
EX VIVO TESTS
The mechanisms of drug transport across lung tissue can be studied by ex vivo lung model. These models can also help in vitro-in vivo correlation. Isolated perfused lung (IPL) and precision cut lung slices (PCLS) are different ex vivo models. Sakagami [113] and Beck-Broichsitter et al. described IPL ex vivo model showing uptake of particles. PCLS are another ex vivo model used conveniently. Some Toxicity testing are performed by PCLS model [114] [115] [116] [117] .
The development of novel carrier systems for the pulmonary drug delivery gives rise to the need of advancement in the field of characterization technology for evaluation of these inhalation products. The efficacy, safety and quality of the drug and drug products can be estimated and established by the current compendial and standardized testing methods, which are the need evolving with time. The better understanding of the product testing and characterization methods can lead to the successful development of pulmonary drug delivery system.
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